I. Introduction
Resonant tunneling structures (RTS) are exciting systems because of their potential applications, but also because of the basic physics they involve.
In particular, the times related to the tunneling process have been 1 the subject of theoretical disputes. The dwell times and transmission times can be extracted from optical or transport experiments. These times can be found from the study of wave-packet propagation from the time-dependent
SchrOdinger equation, but they can also be related to some static In the present paper we calculate AN(E) for an asymmetric double-barrier structure without bias, but the method can be generalized to other cases. The local density of states in the double-barrier structure has recently been obtained 6 , 7 and analyzed for various limits. It can be defined as
where E n are the eigenvalues of the system and 0n are the corresponding eigenstates. Equation 
n which is modified by the RTS only through the change of spacing of the energy levels and does not involve any specific region in space.
II. Determination of AN(E)
In order to deal with finite densities of states, we must place our RTS in a large box extending, say, from 0 to L. In an empty box, the condition for the energy levels (E -2 k Is 2a i
which yields ki.e., equally-spaced points in k-space. The density of states is the inverse of the spacing between the points,
N(k )
L (4) and is proportional to the size of the box. In the presence of the RTS, the condition for the energy levels is modified to
where we use the same definition of k(E -Xk2 as before. The condition 2m Nov the spacing between the points in k-space is altered, althouth only by an extremely small amount, because we expect AN(E) to be finite while N (E) will increase linearly with the box size. Thus, we expect, for instance, to find in some energy region 10001 states in the presence of the RTS and 10000
without it. This means that the spacing Ak will be almost identical to L for n L large L,
where xn << L The change in the density of states becomes
We expect AN to tend to a constant with increasing box size, so that x should n 2 be of the order of () . Now we have to determine x n from Eq. (5) .
Suppose the box is large enough and we find the first eigenstate at k -k The next root of D(k)
should occur at k -k + Z + x Due to the smallness of xl, we get
The next root will be at k3 -k 2 + + x 2 , and again
large, so that the shift cf k with respect to k° nm
The s~aing of the levels Ak will be almost identical to Ak 0 -7 n n L"
The above prescription for finding AN(k), and therefore AN(E),
is very simple. The only problem with it is that it does not work. If we look at the positions of the roots of D(k), we find very irregular spacing, different from M even for a very large box and strongly dependent on the L positions of the RTS in the box. In other words, the shifts of the levels due to the RTS depend on the phase with which the wavefunction reaches the structure. This can be understood if we look at the problem differently.
Suppose we have a single thin barrier in the middle of the box. With respect to the center of the box, all states are either symmetric or antisymmetric.
It is obvious that the barrier affects each type differently. Therefore, we can expect to get two "subdensities" of states --one corresponding to symmetric and the other to antisymmetric states. For each of these subdensities, the above described method for finding AN(E) can be applied, but not to the total density of states. For other positions of the structure in the box, the number of subdensities will be higher: if the RTS is placed at L we get three subdensities, and if it is at 0.4 L, we get five subdensities.
3,
The number of subdensities equals the number of possible phases with which the wavefunction can reach the RTS. The superposition of several equally-spaced subsets of points in k-space results in something that looks messy. But applying our method to each subdensity and then adding them all up gives us AN(E) independent of the position of RTS in the box, as could be expected.
The procedure is thus as follows: we place the RTS at a given point in the box, say, at L. This means that we have three subdensities --we start from some initial energy and find three subsequent roots of D(k).
Each of these roots defines a subset of states with the spacings equal to (L + xn where xn is very small. We determine
for each subdensity and then AN(kn) from Eq. (7) (with L replaced by 3L).
Adding up the three subdensities, we get the final result. The size of the RTS is usually of the order of 100 A, while the box size must be 10 4
107
A depending on how fine the structures are (narrow resonances) in AN(E) which we want to consider.
III. Results and discussion
Let us start from the single-barrier case with D(k) given by Eq. (A2) in the Appendix. We assume m -0.067 m° throughout the structure.
In Figure 2 we show the transmission T(E) and the change in density of states AN(E) for single barriers 100 meV high and 50 A wide (Fig. la) or 100 A wide (Fig. lb) .
In the first case both T(E) and AN(E) do not show any sharp structures;
transmission increases almost monotonically from zero to one as expected. In the second case transmission oscillates before it reaches unity while AN(E) exhibits a distinct (though broad) resonance. this time we consider an asymmetric structure with 50 A barriers and 50 A well but the first barrier is 100 meV high while the second is 200 meV high.
Around 200 meV there is a peak in N(E) and only the inflection point in T(E).
Concluding, we have found a simple method for calculating the global density of states (and its change AN(E)) in a resonant tunnelling structure.
We believe that AN(E) is a much better characteristics of resonant states than transmission and it can be applied to more general cases (see Fig. 1 ). In such cases our method should be modified -the unperturbed density of states in k-space N 0 (k) will not be uniform. For the structures in barrier extending from x I to x I + b, we get a simpler expression,
The above formulas are valid for E < V 1 and E < V 2 . If the energy is above any of the barriers, say E > V 1 we make the replacement
The expression for D(k) is always real, i.e., the imaginary constants cancel. 
